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We experimentally demonstrate that electric current applied at cryogenic temperatures to thin-
film metallic wires on thermally conducting substrates produces a non-equilibrium phonon dis-
tribution. The latter is manifested by the piecewise-linear dependence of resistance on current,
inconsistent with Joule heating. Analysis shows that this dependence contains information about
the rate of phonon relaxation, and the characteristics of electron-phonon scattering. Our results
open a new route for the characterization of electron-phonon interaction at nanoscale, and for the
optimization of thermal properties of electronic nanodevices.
Downscaling of modern electronic devices and cir-
cuits places ever increasing demands on the efficiency of
heat dissipation under increasingly non-equilibrium con-
ditions. Electrical energy is dissipated in materials car-
rying electric current at a rate w = ρJ2 per unit vol-
ume, where J is the current density and ρ is the ma-
terial’s resistivity. In the Joule heating approximation,
this energy is assumed to be converted into heat - a quasi-
equilibrium distribution of phonons and electrons char-
acterized by an elevated local temperature T ∗ [1]. Their
subsequent diffusion, usually described by the Fourier’s
equation, dissipates the generated thermal energy away
from the heated region [2]. Since most materials exhibit
a significant variation of resistivity with temperature, its
current-dependence is commonly utilized for the charac-
terization of Joule heating in nanostructures [3, 4].
Recent studies have shown that the quasi-equilibrium
picture of Joule heating and diffusive heat dissipation
starts to break down at nanoscale [5, 6], because elec-
trons and/or phonons can escape from the system before
they thermalize. For instance, if electrons can quickly es-
cape and are sufficiently weakly coupled to phonons, their
effective temperature can be significantly lower than that
of phonons, resulting in complex nonlocal energy transfer
processes between the two subsystems [7–12]. Electrons
and/or phonons may also form a nonequilibrium distri-
bution within the respective subsystem, which cannot be
characterized by an effective temperature [13–15]. Sig-
nificant progress has been recently achieved in the un-
derstanding of non-equilibrium states of electrons and
phonons at nanoscale [16–20]. However, a comprehensive
microscopic understanding of current-induced thermal
energy generation and transport has not yet emerged.
Here, we experimentally demonstrate that at cryogenic
temperatures, common nanostructures such as thin-film
metallic wires on thermally conducting substrates exhibit
a linear variation of resistance with current, inconsistent
with Joule heating. Analysis shows that the observed
linear dependence is caused by the substantially non-
equilibrium phonon distribution facilitated by the fast
phonon escape from the system. At higher tempera-
tures and small currents, the linear dependence becomes
smoothed-out, but signatures of nonequilibrium phonon
Figure 1. (Color online). Resistance vs current for a 1 µm-
long, 500 nm-wide Pt(5) wire, at room temperature T =
295 K (a) and at T = 5 K (b). Curves are best fits to the data
with a quadratic function (a), and with the piecewise-linear
function R(I) = R(0) + α|I| (b). Insets: SEM image of the
sample (a) and the dependence of resistance on temperature
at I = 0 (b).
distribution persist at temperatures as high as 200 K.
Our results provide insight into the nonequilibrium elec-
tron and phonon dynamics at nanoscale, and suggest new
approaches to the characterization of electron-phonon in-
teraction and the optimization of thermal management
in electronic nanodevices.
Below, we discuss the results mainly for thin-film Pt
wires on undoped Si substrates. Similar wires are ex-
tensively utilized for spin current generation in spin-
orbitronic devices that rely on the spin Hall effect exhib-
ited by Pt [21–25], as well as microscale heaters and ther-
mometers [26]. The generality of the observed behaviors
was confirmed by additional measurements of Au wires,
as briefly discussed below, Pt wires on different sub-
strates, and metallic nanocontacts [27]. The wires were
fabricated by a combination of e-beam lithography and
high-vacuum sputtering. To ensure consistent thermal
contact between the wires and the substrate, native sur-
face oxide was removed from the Si surface by HF etching
immediately prior to the Pt wire deposition. The wires
were contacted by Cu(150) electrodes for four-probe re-
sistance measurements [inset in Fig. 1(a)]. Thicknesses
are given in nanometers. Electrical resistance was mea-
sured using the standard lock-in technique, with ac cur-
rent Iac = 10 µA rms superimposed with the dc current
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2I of up to 4 mA.
Figure 1 shows representative resistance vs current
curves for a 1 µm-long and 500 nm-wide Pt(5) wire.
At the experimental temperature T = 295 K, the re-
sistance R(I) follows a quadratic dependence on current
[Fig. 1(a)]. This result is consistent with Joule heating.
Indeed, electrical energy is dissipated in the wire at a
rate W = RI2. Since the rate of thermal energy dissi-
pation from the wire is proportional to its temperature
increase, one can expect that the temperature of the wire
follows a quadratic dependence on current T ∗ ≈ T0+CI2.
The resistance linearly depends on temperature close to
T = 295 K [inset in Fig. 1(b)]. Thus, R(I) is expected
to follow a quadratic dependence, in agreement with our
data.
At T = 5 K, the dependence R(I) is well described by
the piecewise-linear function R(I) = R0 + α|I|, where
α is a constant [Fig. 1(b)]. This dependence cannot
be explained by Joule heating. In particular, numerical
simulations confirm that for Joule heating, the depen-
dence of the Pt wire temperature on current T ∗(I) should
be quadratic even at cryogenic temperatures [27]. The
resistance of Pt is almost independent of temperature
up to 20 K, due to the dominance of impurity/surface
scattering, and starts to increase approximately linearly
with T at higher temperatures [inset in Fig. 1(b)]. As
a consequence, Joule heating should not affect R for
currents up to 1.8 mA, and lead to an approximately
quadratic dependence R(I) for larger currents [27]. The
discrepancy with the observed behaviors indicates that
the assumption of quasi-equilibrium distribution under-
lying the Joule heating picture is not valid. Indeed, anal-
ysis presented below shows that the linear R(I) depen-
dence is associated with non-thermalized distribution of
phonons generated by the current, which cannot be de-
scribed by a temperature.
As the temperature is increased from 5 K, the linear
dependence remains evident at large currents, but the
zero-current singularity becomes increasingly smoothed-
out [Fig. 2(a)]. At T ≤ 200 K, the dependence is well ap-
proximated by the function R(I) = R(0)+α|I| convolved
with the Gaussian [curves in Fig. 2(a)]. At T > 200 K,
the width ∆I of the Gaussian becomes larger than the
range of the dc current scan, resulting in a significant un-
certainty of the fitting. Nevertheless, these data suggest
that a non-equilibrium current-driven phonon distribu-
tion, not described by Joule heating, can be formed at
sufficiently large bias even in the ambient temperature
range.
The Gaussian width ∆I follows a linear dependence at
T > 20 K, extrapolating to ∆I = 0 at T = 0 [right scale
in Fig. 2(b)]. This indicates that the observed broaden-
ing of R(I) originates from the thermally induced spec-
tral broadening of the electron distribution, whose width
is proportional to temperature. Thus, the broadening
of R(I) can be interpreted in terms of the competition
Figure 2. (Color online). (a) Symbols: R vs I for the same
sample as in Fig. 1, at the labeled values of T . Curves: best
fits with the piecewise-linear function R(I) = R0 + α|I| con-
volved with the Gaussian g(I) = 1√
2pi∆I
e−I
2/2∆I2 . Some of
the data points are omitted for clarity, but fitting was per-
formed for the entire data set. (b),(c) Parameters extracted
from the data fitting: the Gaussian width ∆I (b) and the
slope of the linear dependence (c). The line in (b) is the best
linear fit of the data for T > 20 K.
between the thermal energy kBT of electrons, and the
average energy acquired by electrons between scatter-
ing events due to the electric field in the Pt wire. The
broadening saturates at T < 20 K, suggesting the exis-
tence of an additional non-thermal broadening effect. In-
deed, at small bias and low temperatures, the energy (and
thus the momentum) of phonons generated by current is
small, resulting in a reduced contribution of the gener-
ated phonons to electron momentum scattering, and thus
resistance.
The slope of the linear dependence slightly varies with
temperature, decreasing with increasing temperatures up
to 90 K, and then increasing at higher temperatures
[Fig. 2(c)]. These variations can be explained by the tem-
perature dependence of phonon relaxation rate, which is
dominated by the dissipation into the substrate, as shown
below. Indeed, the observed variations of the slope are
correlated with the temperature dependence of thermal
conductivity of Si [27]. However, there is no quantitative
correspondence between the two quantities, suggesting
that phonon escape into the substrate may not be ade-
quately described by the diffusive approximation of heat
transport. This conclusion is supported by the analysis
of phonon transport presented below.
Non-equilibrium phonon distribution in the studied Pt
wires, manifested by the linear dependence R(I), is likely
associated with fast relaxation of phonons due to their ef-
ficient escape from the system, before they become ther-
malized. To elucidate the mechanisms of phonon re-
laxation, we analyze the effects of the wire geometry.
Phonons are expected to dissipate mainly into the thick
Cu leads and the substrate. Dissipation into the leads
becomes less efficient, per unit Pt volume, with increas-
ing wire length, while dissipation in the substrate should
3Figure 3. (Color online). Effects of the Pt wire geometry.
(a),(b) Temperature dependence of the Gaussian broadening
width ∆J (a) and the linear slope (b) of ρ(J) , for the Pt(10)
wire lengths of 1 µm, 3 µm, and 5 µm, as labeled. (c),(d)
Same as (a), (b), for the 1µm-long Pt wires with thicknesses
5 nm, 7 nm, 10 nm, and 15 nm, as labeled in (c). Inset in
(d): Dependence of the phonon relaxation rate τph on the Pt
thickness. determined from the data at T = 5 K using Eq. (2)
(symbols), and calculated based on the acoustic mismatch
theory (line).
not be affected by the wire length. The converse is ex-
pected, in the diffusive phonon transport regime, for the
dependence on the wire thickness.
Figure 3 summarizes the results for different lengths L
and thicknesses d of Pt wires. To facilitate direct com-
parison of different geometries, we analyze the depen-
dence of resistivity ρ = RA/L on the current density
J = I/A, where A is the cross-section area of the wire.
In all cases, we obtained accurate fits of the data by using
a piecewise-linear dependence convolved with the Gaus-
sian. For the thickest (15 nm) Pt wire, the analysis is
limited to T ≤ 100 K, because of the large thermal broad-
ening for this thickness.
The thermal broadening ∆J is independent of the wire
length [Fig. 3(a)]. The linear slope of ρ(J) is almost
independent of the wire length at temperatures up to
about 80 K, and starts to increase with the wire length
at higher temperatures. However, the dependence on the
wire length remains modest even at T = 160 K. Thus,
we conclude that at cryogenic temperatures, phonons re-
lax in the studied Pt wires predominantly through the
substrate.
In contrast to the effects of the wire length, wire
thickness significantly affects the characteristics of ρ(J),
Figs. 3(c),(d). The broadening increases by a factor of
two when d is increased from 5 nm to 10 nm, and sat-
urates at larger d. For Pt(5), it increases linearly with
temperature T > 20 K. This result is consistent with our
interpretation of the broadening in terms of the compe-
tition between the electron’s thermal energy kT and the
energy ∝ J provided by the electric field between electron
scattering events. The observed curving of the depen-
dence ∆J(T ) for larger Pt thickness, especially apparent
in Fig. 3(c) for Pt(10) and Pt(15), can be attributed to
the larger relative contribution of electron-phonon scat-
tering to the electron mean free path, resulting in the
reduction of energy acquired by electrons between the
scattering events.
The linear slope of ρ(J) also exhibits a significant de-
pendence on the wire thickness, especially apparent at
higher temperatures [Fig. 3(d)]. The slope increases with
wire thickness up to 10 nm, and then decreases for Pt(15),
in the temperature range up to 100 K where the broad-
ening was sufficiently small to allow a reliable determi-
nation of the slope. These nonmonotonic variations can
be explained by the competition between the decrease
of the phonon generation rate, with increasing Pt thick-
ness, due to the smaller contribution of scattering at the
Pt interfaces, and the increase of phonon escape time, as
shown by the analysis below [see also inset in Fig. 3(d)].
To interpret the observed behaviors, and to evaluate
the material parameters that control the non-equilibrium
phonon distribution, we perform kinetic rate analysis of
the current-driven phonon population. In the Drude ap-
proximation, the electron mean free path is le =
m∗vF
ne2ρ ,
where vF and m
∗ are the Fermi velocity and the effec-
tive mass, respectively [28]. In the presence of electric
field, the rate of electron scattering per unit volume is
r = Jele =
neρ
vFm∗
J . Assuming that one phonon is gener-
ated in each scattering event, the rate of phonon gen-
eration per unit volume is
dnph
dt |gen = r. Relaxation
due to the quasi-ballistic phonon escape from Pt [27]
can be described by the relaxation time approximation
dnph
dt |rel = −nph−n0τph , where n0 is the phonon popula-
tion in the absence of current, and τph is the relax-
ation time, which is equal to the phonon escape time
due to the rapid phonon escape. In the steady state,
dnph
dt |gen + dnphdt |rel = 0, or
nph = n0 +
τphneρ
vFm∗
J. (1)
According to this relation, phonon population depends
linearly on current, in the limit of negligible thermal-
izing phonon-phonon scattering that does not conserve
phonon population [27]. Resistivity is then expected to
also vary linearly with current, provided that the gen-
erated phonons efficiently scatter electrons, i.e. their
characteristic momentum is comparable to the Fermi mo-
mentum of electrons. These behaviors can be contrasted
with Joule heating, which results in a quadratic or even
slower dependence ρ(J), as discussed above in the con-
text of Fig. 1. However, the dissipated electric power
4Figure 4. (Color online). (a) Symbols: resistance vs current
for a 1 µm-long, 500 nm-wide Au(5) wire on Si substrate,
at the labeled values of temperature. Curves: results of the
data fitting using piecewise-linear function R(I) = R(0)+α|I|
convolved with the Gaussian. (b),(c) Parameters extracted
from the data fitting: the Gaussian width ∆I (b) and the
slope of the linear dependence (c). The line in (b) is the best
linear fit of the data for T > 20 K.
w = ρJ2 is the same in both limits. Thus, in contrast to
Joule heating, the average energy of the nonequilibrium
phonons described by Eq. (1) is proportional to J .
To establish the quantitative relationship between the
current dependence of resistance and phonon genera-
tion/relaxation characteristics, we use Matthiessen’s rule
for the electron mean free path in the presence of current-
generated phonons, 1/le = 1/le,0+nphσe−ph. Here, le,0 is
the mean free path in the absence of phonons, and σe−ph
is the average electron-phonon scattering cross-section.
Combining with Eq. (1) and neglecting the nonlinear ef-
fect of electron-phonon scattering on the phonon popu-
lation, we obtain
ρ(J) = ρ(0)(1 + τphσe−phJ/e). (2)
This result demonstrates that the linear slope of the de-
pendence ρ(J) provides direct information about phonon
relaxation and electron-phonon scattering. For Pt, we
use σe−ph determined from the temperature dependence
of resistivity [27] to calculate the values of τph for differ-
ent Pt wire thicknesses [inset in Fig. 3(d)]. The thickness-
dependent values of of τph, determined from the T = 5 K
data, are in a remarkable agreement with the acoustic
mismatch theory [27]. These results confirm that phonon
relaxation in the studied Pt wires is dominated by the fast
quasi-ballistic phonon escape into the substrate, which
facilitates non-equilibrium current-driven phonon distri-
bution.
We have confirmed the general relevance of the ob-
served behaviors to nanostructures with efficient thermal
dissipation, by measurements of current-dependent resis-
tance in Pt wires fabricated on different substrates, as
well as metallic nanocontacts [27]. Here, we discuss the
results for an Au(5) wire deposited on HF-cleaned un-
doped Si substrate. A Ni(0.5) wetting layer was inserted
between Au(5) and the substrate, to improve adhesion
and ensure the continuity of the ultrathin Au(5). The
geometry of this wire was identical to that of the Pt(5)
wire in Figs. 1, 2. At T = 5 K, the current dependence
of resistance is well approximated by the piecewise-linear
function [Fig. 4(a)], in agreement with the results for
Pt. This dependence becomes increasingly broadened
with increasing temperature, with the broadening pro-
portional to temperature at T > 20 K [ Fig. 4(b)]. The
broadening follows a similar dependence to that for Pt(t),
scaled by about 0.8. At T = 5 K, the resistance of the
Au(5) wire is 4 times smaller than that of Pt. Mean-
while, the linear slope is almost 3.5 times smaller than
for Pt(5). In contrast to Pt(5), the slope for Au(5) mono-
tonically increases with temperature. This dependence is
similar to that observed for Pt(10) and Pt(15), but the
magnitude of the variations is smaller, closer to Pt(5)
and Pt(10).
The differences between the results for Pt and Au can
be explained by several factors. First, the estimated
electron-phonon scattering cross-section in Au is slightly
smaller, σe−ph,Au = 1.3 × 10−22 m2. Based on the mea-
sured slope of R(I), we estimate that τph in the Au(5)
wire is 19 ps at 5 K, almost twice as large as that in
Pt(5). In contrast, the phonon escape time calculated
from the acoustic mismatch at Au/Si interface is 8 ps,
less than half of the experimental relaxation time. We
speculate that the discrepancy between the two values
originates from the poor wetting by Au of the substrate,
resulting in reduced phonon transparency of its interface
with Si. Elucidating the relationship between wetting
and phonon transparency of interfaces, by measurements
such as those presented here, may be important for opti-
mizing the thermal properties of nanoelectronic devices.
To summarize, thin-film metallic wires fabricated on
thermally conducting substrates exhibit piecewise-linear
dependence R(I) of resistance on current, inconsistent
with Joule heating. The linear dependence is observed
at sufficiently high currents at temperatures as high as
200 K. This dependence is associated with the nonequi-
librium distribution of phonons generated by the elec-
tron scattering on impurities and interfaces, which is fa-
cilitated by the rapid phonon escape from the system.
Analysis indicates that the observed current dependence
contains information about the electron-phonon scatter-
ing and the phonon relaxation rate.
Our results have broad implications for the optimiza-
tion of thermal properties of electronic devices and nanos-
tructures. For instance, at high current densities, the lin-
ear dependence R(I) associated with the non-equilibrium
phonon distribution can fall significantly below the ap-
proximately quadratic dependence expected for Joule
heating. In this regime, the average energy of phonons
generated by current is larger than that of thermal
phonons described by Joule heating, but their popu-
5lation is smaller than the thermalized population with
the same total energy. This regime may be advanta-
geous for the optimization of thermal management in
nanoscale devices, for several reasons. First, additional
energy dissipation due to electron scattering on the gen-
erated phonons can be significantly smaller than in the
Joule heating limit, reducing the possibility of ther-
mal runaway [17]. Second, the escape of the generated
nonequilibrium phonons from the system can be more ef-
ficient than for Joule heating, due to the smaller rates of
phonon-phonon scattering. Finally, the generated high-
frequency phonons are less likely to contribute to current-
induced physical degradation associated with the slow
metastable mechanical degrees of freedom.
Current-induced phenomena have been extensively
studied in the context of spin Hall effect, in thin Pt
films similar to those discussed in our work [4, 21–25].
Our results may warrant re-examination of the Joule
heating effects in these experiments. Similarly, low-
temperature thermoelectric measurements at nanoscale
commonly employ resistive heating of wires similar to
those analyzed in our study. As we have shown, such re-
sistive heating can result in strongly nonequilibrium dis-
tribution characterized by substantially different phonon
density (and its gradients) than inferred from Joule heat-
ing. We also note that the nonequilibrium phonon effects
discussed above may have contributed to the piecewise-
linear current dependence of resistance recently observed
at cryogenic temperatures in nanoscale spin valves, and
attributed to quantum magnetization fluctuations [29].
This work was supported by the U.S. Department
of Energy (DOE), Basic Energy Sciences (BES), under
Award # de-sc2218976.
6DEPENDENCE ON THE SUBSTRATE TYPE
Figure 5. (a) Temperature dependence of thermal conductiv-
ity of Si, sapphire, and quartz, as labeled [from Refs. [30–32]].
(b) R vs I for a 1µm-long, 500 nm-wide Pt(5) wire fabricated
on sapphire substrate, at T = 5 K and 300 K, as labeled.
(c) Same a (b), but using a Si substrate with a 300 nm-thick
thermal SiO2 surface layer. Blue straight lines are guides for
the eye.
To verify that the anomalous R vs I dependence associ-
ated with nonequilbrium current-driven phonon distribu-
tion is not limited to Pt wires on Si substrates discussed
in the main text, we have studied thin-film Pt wires fabri-
cated on sapphire and oxidized Si [surface SiO2 thickness
300 nm]. Figure 5(a) shows the temperature-dependent
thermal conductivities of Si, sapphire, and quartz. The
thermal conductivity of amorphous SiO2 on oxidized Si
substrates is expected to be smaller than that of crys-
talline SiO2 quartz. Regardless, these data indicate that
phonon dissipation for oxidized Si is significantly less ef-
ficient than for the bare Si and for sapphire.
The R vs I dependences are shown in Figs. 5(b) and
(c) for Pt(5) wires fabricated on sapphire and SiO2 , re-
spectively. The resistivity of Pt(5) on sapphire is slightly
smaller than for Pt(5) on SiO2, and about three times
smaller than for Si substrate. These differences were re-
producible among different samples. The value of ρ for
the sapphire substrate is slightly smaller than for SiO2,
because Pt grows on sapphire preferentially with (111)
texture, as was verified by x-ray diffractometry, resulting
in less electron scattering at the crystalline grain bound-
aries. The resistivities of thick Pt films deposited on Si
approach those of Pt deposited on SiO2, confirming the
interfacial origin of the additional contribution to the re-
sistivity of Pt on Si. We attribute this contribution to
the strong electron scattering on platinum silicide formed
at the Pt/Si interface.
For sapphire, the resistance increase between I = 0
and I = 4 mA is about 20 Ω both at 5 K and 300 K,
Fig.5(b). In contrast, the increase for the oxidized Si
substrate is significantly larger, almost 60 Ω at 5 K, and
35 Ω at 300 K, Fig.5(b). These results qualitatively agree
with the differences between the thermal conductivities
of the two substrates, which are expected to determine
the phonon relaxation rates in the Pt wires. In particular,
not only is the thermal conductivity of SiO2 smaller than
that of sapphire, resulting in a larger resistance increase,
but it also decreases at low temperatures, in contrast
to the increase in sapphire. This is consistent with the
increasing current-dependent resistance variation for Pt
on Si with decreasing temperature.
Despite significant quantitative differences among dif-
ferent substrates, at 5 K the curves R(I) are almost
linear both for sapphire and SiO2, consistent with the
non-equilibrium current-induced phonon distribution. A
slight upcurving, more significant for SiO2, is indicative
of partial phonon thermalization, which is consistent with
the longer phonon escape times in these samples than in
Pt on Si, as expected from the differences among the ther-
mal conductivities at cryogenic temperatures [Fig. 5(a)].
DEPENDENCE OF RESISTANCE ON CURRENT
IN A RESISTIVE NANOCONTACT
Figure 6. (a) Schematic of the resistive nanocontact, based
on a 70-nm Ta(10) disk sandiched between two thick con-
ducting electrodes, and the pseudo-four-probe measurement
setup. (b) R vs I for the studied nanocontact, at the labeled
values of temperature. The straight lines are guides for the
eye.
Our results for thin-film metallic wires on ther-
mally conductive substrates suggest that nonequlibrium
phonon distribution is generally formed in current-driven
nanostructures characterized by efficient phonon relax-
ation. This hypothesis is supported by measurements
of R vs I for a resistive nanocontact - a nanostructure
whose geometry and thermal dissipation mechanisms
completely different from those of thin-film wires. The
studied nanocontact is shown schematically in Fig. 6(a).
It consists of a circular Ta(10) disk with a 70 nm di-
ameter, sandwiched between a micrometer-scale Cu(50)
bottom lead, and Cu(100) top lead. The electrical leads
7are separated by a SiO2(15) insluating layer. The nanos-
tructure was fabricated using a multi-step e-beam lithog-
raphy process we developed for the studies of current-
induced magnetization dynamics in magnetic nanos-
tructures, and described in detail in multiple publica-
tions [29]. The resistance of the nanocontact is mea-
sured in the pseudo-four-probe geometry, with current
and voltage contacts attached to the opposite sides of
the Cu leads, as shown in the schematic.
Because of the high resistivity of Ta (about 1500 nΩ·m
vs less than 20 nΩ·m for Cu at 5 K, as determined by
separate resistivity measurements), the resistance of the
studied nanocontacts is dominated by the Ta(10) layer,
which is also expected to provide a dominant contribu-
tion to the current-induced phonon generation. On the
other hand, the thick highly conductive Cu leads provide
efficient thermal dissipation. According to our analy-
sis, if the escape of phonons from the Ta layer into the
Cu leads is faster than their thermalization, a piecewise-
linear dependence of resistance on current is expected.
Indeed, a linear dependence R(I) is observed for the stud-
ied nanocontact at T=5 K [Fig. 6(a)]. The linear depen-
dence becomes increasingly smeared out at higher tem-
peratures, consistent with the thermal broadening mech-
anisms discussed for thin-film wires in the main text.
COMSOL SIMULATION OF JOULE HEATING
To eliminate the possibility that the dependence of Pt
wire resistance on current, observed in our experiments
at cryogenic temperatures, can be explained by Joule
heating, we performed simulations of current-dependent
temperature distribution in Pt wires utilizing the COM-
SOL Multiphysics software. To reproduce R(I) measured
in experiment at 300 K, we introduce boundary ther-
mal conductivity 1× 108 K ·m2/W at the interface be-
tween sample and substrate, which accounts for rough-
ness induced imperfect thermal contact and the effects
of acoustic mismatch on thermal conductivity discussed
below. We note that the COMSOL simulation is based
on quasi-equilibrium (thermalized) approximation for the
phonon distribution underlying the Joules heating law,
and diffusive approximation for the heat flow underly-
ing the Fourier’s equation. The simulated configuration
closely matches the experimentally studied geometry, as
illustrated in Fig. 7(a). The temperature distribution
calculated at current I = 4 mA is shown in Fig. 7(b).
The highest calculated temperature, near the center of
the wire, is 90 K at this current. Based on the measured
R(T ) dependence, the sample resistance is expected to
increase by less than 13 Ω at I = 4 mA, which is incon-
sistent with the increase of 40 Ω observed in the experi-
ment.
Figure. 7(c) shows the calculated dependence of the
average temperature in the Pt wire on current. This de-
Figure 7. COMSOL simulations of Joule heating at temper-
ature T = 5 K. (a) Schematic of sample configuration used
in the simulation. The simulated dimensions of the Pt wire
are 1µm ×500 nm ×5 nm. (b) Pseudocolor map of the cal-
culated temperature distribution, at current I = 4 mA. (c)
Average sample temperature vs current. The curve is a fitting
with a quadratic function. (d) Sample resistance vs current,
determined from the calculated current-dependent tempera-
ture distributions such as shown in panel (b), and the mea-
sured dependence of resistivity on temperature. Blue line is
R = 229.6 Ω, and the red curve is a fit of the I > 2.2 mA
data with the quadratic function.
pendence is precisely fitted by a quadratic function, in
agreement with the qualitative analysis in the main text.
Combining the calculated current-dependent spatial dis-
tribution of temperature with the measured dependence
of resistivity on temperature, we obtain the dependence
of sample resistance on current expected for Joule heat-
ing. The calculated current-dependent sample resistance
is constant at small bias I < 1.8 mA, because resistance
is almost temperature-independent at T < 20 K, and is
well approximated by a quadratic function at I > 2.2 mA
[Fig. 7(d)]. This result is inconsistent with the experi-
mental observation of a linear dependence of resistance
on current, confirming that the Joule heating approxi-
mation is inapplicable to the studied system at cryogenic
temperatures.
ESTIMATION OF PHONON ESCAPE TIME
FROM THE ACOUSTIC MISMATCH
We estimate the phonon escape time from Pt into the
Si substrate using quasi-ballistic phonon transport ap-
proximation, which is justified by the small thickness of
the studied Pt wires. The escape time is determined by
the phonon scattering at the Pt/Si interface, which can
be analyzed using the theory of acoustic mismatch [33].
8Figure 8. Schematic of the configuration used in the acoustic
mismatch calculation. Phonons are generated in the Pt layer
and are scattered at the Pt/Si interface. The probability of
transmission into the Si substrate determines the escape rate.
For an acoustic wave incident from Pt at an angle θ1 and
refracted into Si at an angle θ2 related to θ1 by Snell’s
law [Fig. 8], the transmission coefficient is
α =
4D2c2
D1c1
· cosθ2cosθ1
(D2c2D1c1 +
cosθ2
cosθ1
)2
. (3)
Here, c is the speed of sound, andD is the mass density,
with the subscript ”1” used for Pt, and ”2” - for Si. The
escape time can be then estimated as τ = 2dαc1 . Since the
speed of sound in Si is higher than in Pt, transmission is
possible only at incidence angles smaller than the critical
angle θc for the total internal reflection. The average
phonon transmission coefficient is
α¯ =
∫ θc
0
αθ1dθ1
θc
pi
2
θc
=
∫ θc
0
αθ1dθ1
pi
2
(4)
For Pt(5) on Si, the average phonon escape time esti-
mated based on Eq. (4) is τesc =
2d
α¯c1
=14 ps. This esti-
mate neglects imperfections at the Pt/Si interface that
produce an acoustic barrier, which can reduce the trans-
mission. Thus, this estimate provides a lower bound for
the phonon escape time from Pt. For Au(5) on Si, similar
analysis gives τesc=8 ps.
ESTIMATION OF PHONON SCATTERING TIME
Phonons generated by current do not become ther-
malized if the thermalizing scattering is slower than re-
laxation. We can estimate the phonon scattering time
based on the known phonon average mean free path,
l ≈ 1 µm at 300K for Pt [34–36], and the sound velocity
c = 2.6 × 103 m/s, giving τsc = lph/c = 3.8 × 10−10 s.
Since not all phonon scattering is inelastic, this estimate
gives a lower bound on the phonon thermalization time.
Nevertheless, the estimated value of τsc is significantly
larger than the estimated phonon escape time, confirming
that the nonequilibirum phonon distribution generated
in the studied microwires by current does not thermalize
even at room temperature.
ESTIMATION OF ELECTRON-PHONON
SCATTERING CROSS-SECTION
The electron-phonon scattering crossection σe−ph de-
termines the relationship between the population of
phonons and their contribution to resistivity, as follows.
According to the Matthiessen’s rule for the electron mean
path (1/le = 1/le,0 + nphσe−ph). Here, le,0 is the mean
free path in the absence of phonons, and σe−ph is un-
derstood as the average scattering cross-section over the
phonon distribution. Using the Drude formula ρ = m
∗vF
ne2le
,
we obtain
ρ(nph) = ρ(0) +
m∗vFnphσe−ph
ne2
, (5)
or in the differential form
σe−ph =
ne2
m∗vF
dρ
dnph
=
ne2
m∗vF
∂ρ/∂T
∂nph/∂T
(6)
We can use Eq. (6) to extract σe−ph from the temper-
ature dependence of resistivity and the known thermal
phonon distribution. For temperatures above the Debye
temperature TD, we can approximate nph ≈ 3natT/TD,
so that
σe−ph ≈ ne
2TD
3natm∗vF
∂ρ
∂T
. (7)
We are interested in the scattering cross section on
large-momentum phonons generated by current, cor-
responding to the linear regime of R(I) observed at
sufficiently large currents, as discussed in the main
text. Large-momentum thermal phonons also domi-
nate electron-phonon scattering in thermal equilibrium
at high temperatures (T > TD), due to the dominance of
their phase volume over the small-momentum phonons.
Thus, we can assume that the average scattering cross
section on thermal phonons above the Debye temperature
is similar to that on current-generated phonons in the lin-
ear R(I) regime (at sufficiently large bias). We use the
dependence ρ(T ) close to T = 300 K and Eq. (7) to obtain
9σe−ph = 1.8× 10−22 m2 for Pt, and σe−ph = 1.3× 10−22
m2 for Au.
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